Introduction: Right ventricular dysfunction is associated with numerous smoking-related illnesses
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Introduction
Right ventricular dysfunction is a poor prognostic marker in a number of cardiopulmonary diseases such as heart failure, pulmonary hypertension, and chronic obstructive pulmonary disease (COPD). Cigarette smoking is a major cause of COPD. RV dysfunction in smokers is thought to be precipitated by vascular remodeling associated with COPD resulting in pulmonary hypertension and subsequently increased RV afterload (12, 22) . However, recent evidence has shown that RV dysfunction can be present in COPD patients without pulmonary hypertension (12) . RV dysfunction and failure is associated with increased RV fibrosis (2) , demonstrated in autopsy specimens and in animal models of RV failure (2, 11) . Myocardial fibrosis is mediated by proliferation and activation of cardiac fibroblasts.
However, it is unknown if exposure to cigarette smoke has direct effects on RV function, cardiac fibroblast proliferation, or collagen synthesis.
Cigarette smoke is a complicated chemical mixture. The effects of cigarette smoke on cellular function have been attributed to various components such as nicotine, reactive oxygen species (ROS), and reactive aldehydes, amongst others. In endothelial cells, exposure to CSE induces apoptosis via reactive oxygen species and reactive aldehydes (6, 24) . CSE can also promote increased apoptosis of cardiomyocytes (7, 34) . In contrast, in cancer cells, nicotine may promote tumor cell proliferation and survival (25) . Furthermore, nicotine is fibrogenic in multiple organs including the lungs and kidneys (13) .
However, the effect of exposure of cigarette smoke constituents on ventricular fibroblasts and the underlying mechanism(s) remain unclear.
In this study, we sought to evaluate the effect of cigarette smoke exposure on right ventricular function. Furthermore, we sought to determine the effects of cigarette smoke on primary cardiac fibroblast proliferation and elucidate the underlying mediator and the mechanism. We demonstrate that CS smoke exposure in mice increases RV collagen content and significantly reduces RV function in the absence of RV hypertrophy and vascular remodeling. In addition, nicotine exposure recapitulates the effect of CS on cardiac fibroblasts causing increased fibroblast proliferation and collagen content mediated via α7 nicotinic acetylcholine receptor (nAChR) activation.
Materials and Methods:
Materials. All materials were obtained from Sigma (St. Louis, MO) unless otherwise noted. Collagenase II and DNAse were purchased from Worthington (Lakewood, NJ). α-Smooth muscle actin (α-SMA, ab7817) antibody and α-Bungarotoxin (α-BTX) were purchased from Abcam (Cambridge, MA). Alda-1 was purchased from EMD Millipore (Billerica, MA). The vectors encoding dominant negative cDNA for PKC-δ (pHACE-PKCδ K376R ) and PKC-α (pHACE-PKCα K368R ) were gifts from Bernard Weinstein (Addgene plasmids #16389 and #21235, respectively, Cambridge, MA (27) Institute, Lexington, KY) as previously described (24) . The smoking machine produced a mixture of 89%
sidestream and 11% mainsteam smoke and the chamber was monitored for 120 mg/m 3 of total suspended particulate matter. After 6 weeks, mice were weighed, and were subjected to either transthoracic echocardiography or in vivo hemodynamic measurements and then euthanized. These studies were performed in two cohorts with the all animals in the first groups receiving echocardiography and all animals in the second group subjected to invasive hemodynamics. Lung and heart tissue were collected.
Lungs were fixed with 10% formalin at 25 cm of H2O pressure, paraffin embedded, and sectioned for α-SMA/vWF staining. Hearts were fixed in formalin, paraffin embedded, and sectioned for lectin and picrosirius staining.
Adult Sprague-Dawley rats 250-300 g purchased from Charles River (Wilmington, MA) were used for cardiac fibroblast isolations (see below).
Echocardiographic Measurements. A subset of animals were anesthetized with continuous isoflurane inhalation (1.5-3%) and transthoracic echocardiography was performed as described (5) . A 40 MHz linear array transducer was used (Vevo 2100, VisualSonics, Toronto, ON, Canada). Two-dimensional, Doppler, and M-mode recordings were obtained to measure LV fractional shortening and LV and RV dimensions.
The pulsed-wave Doppler recording at the right ventricular overflow tract was used to measure pulmonary acceleration time (PAT). Tricuspid annular plane systolic excursion (TAPSE) was measured by use of Mmode across the tricuspid valve annulus at the RV free wall. TAPSE was determined by measuring the excursion of the tricuspid annulus from its highest position to the peak descent during ventricular systole.
Tissue Doppler was used to measure the early diastolic velocity of the septum (at mitral annulus) and RV lateral wall (at tricuspid annulus).
In Vivo Hemodynamics. RV systolic pressure (RVSP), LV systolic pressure (LVSP), and pulmonary artery systolic pressure (PASP) were measured under isoflurane anesthesia (1.5-2%) using an opened-chest technique. After the chest is opened, a high-fidelity pressure-volume 1.0F catheter was inserted into a puncture to apex of the LV and pressure measurements were recorded for 15 sec. Subsequently, the same catheter was inserted into the apex of the RV and pressure measurements were recorded for another 15 objective, images were taken in the red (594 nm) and green fluorescent (488 nm) channels as well as brightfield. Three images each were taken from the RV, LV, and septum from each heart. Picrosirius
Red fluoresces in the red channel and quenches green autofluorescence . Therefore, analysis of picrosirius red positive stained area was performed by subtraction of the green fluorescence signal from the red fluorescence signal (Nikon Image Software -Elements) similar to previously published protocols (31) . ImageJ was then used to threshold the subtracted fluorescent Picrosirius red stained image.
Thresholded images were used for % area quantiation and the data was normalized to the respective RA 12,000 rpm for 10 min and unbound dye was aspirated. The remaining pellet was washed with ice cold acid-salt wash reagent (acetic acid, sodium chloride, and surfactants). Samples were then centrifuged again at 12,000 rpm for 10 min. The wash reagent was aspirated and the remaining pellet was dissolved by adding the alkali reagent (0.5 M sodium hydroxide). After 5 min incubation, collagen content was measured using absorbance at 555 nm.
Cardiac Fibroblast Isolation. Adult rat cardiac fibroblasts were isolated as previously described (35) .
Briefly, adult Sprague-Dawley rats (250-300 g) were euthanized with continuous inhalation of 5.0%
isoflurane. Hearts were immediately excised, trimmed of extra-aortic tissue, and retrogradely perfused for 2 min in Krebs-Henseleit (KH) Buffer at 37°C and then switched to enzyme buffer 1 (KH buffer containing 0.3 mg/mL collagenase II, 0.3 mg/mL hyaluronidase, and 50 μM CaCl2) for 18 mins. After perfusion, the ventricular tissue was excised and in some cases as indicated in results ( Figure 4G ) was divided into LV and RV tissue. Myocardial tissue was minced with scissors and further digested in enzyme buffer 2 (enzyme buffer 1 supplemented with trypsin IX 0.6 mg/mL, deoxyribonuclease 0.6 mg/mL, and increased CaCl2 to 500 μM) at 37°C for 18 min in a shaking waterbath. The digestion was stopped with the addition of 10 mL of DMEM supplemented with 10% FBS, penicillin, and streptomycin (complete media), filtered through a 200 μm nylon mesh, and centrifuged at 500 rpm for 5 min. The supernatant was removed and centrifuged again at 2000 rpm for 5 min. The resulting pellet was resuspended in complete media and plated into four 10 cm dishes. The media was changed after two hours to remove cellular debris and unbound cells. Fibroblast purity was at least 95% after plating for 24 hours and washing with media.
This method previously demonstrated a fibroblast population which stained positive for vimentin and minimal amounts of vWF and smooth muscle myosin and actin in low passage cells(P0-P2) (35) . Cells were allowed to grow to confluency within 2-3 days before being passaged for in vitro experiments. Only Passage 1 (P1) cells were used in this study.
Myocyte Contractility. The mechanical properties of the cardiomyocytes were assessed using an IonOptix
Myocam System (IonOptix Inc., Milton, MA) as described previously (14) . Unloaded cardiomyocytes isolated from each group of mice were placed on a glass slide and allowed to adhere for 5 min, then imaged with an inverted microscope and perfused with Tyrode's buffer at 37 °C. Cardiomyocytes were paced with 10 V, 4 ms squarewave pulses at 1.0 Hz, and data presented as percent length change.
Cigarette Smoke Extract. Cigarette smoke extract (CSE) was prepared as previously described (18) .
Mainstream smoke from 3R4F cigarettes was drawn into 30 mL of PBS by vacuum. Each cigarette was lit for 5 mins with a total of five cigarettes being used. This was considered 100% CSE. Control solution was prepared by drawing unlit cigarettes into PBS. CSE and control solutions were used immediately. Final concentrations of CSE are expressed as percent values (the ratio of CSE to total medium volume). The pH and color of the CSE was noted after use to maintain consistency.
In vitro Experiments. Subconfluent (60-70%) P1 cells were exposed to serum-free DMEM supplemented with 10 μg/mL insulin, 5.5 μg/mL transferrin, and 5 ng/mL sodium selenite (ITS, Corning, Corning, NY) and penicillin and streptomycin. After 24 hr, cells were then pretreated with inhibitor for 30 min and then treated with either PBS (CSE vehicle)/CSE or ethanol (nicotine vehicle)/nicotine (600 nM or unless otherwise noted) for another 24 hr. For proliferation assays, cells were trypsinized and counted with a hemocytometer. For cell viability assays, cells were loaded with the tetrazolium dye MTT for 2-4 hr.
Media was removed and cells were washed with PBS. MTT detergent (isopropanol/HCl) was then added and absorbance was read at 590 nm after an hour with a multiplate reader (BioTek).
Western Immunoblotting. RV and LVS from mice were homogenized at 4°C in homogenization buffer (20 mM HEPES, 250 mM sucrose, 100 mM NaCl, 0.2 mM EDTA, 0.2 mM EGTA, 200 μM PMSF, 0.5 mM DTT, 1 μM leupeptin, 1 μM aprotinin, and phosphatase inhibitor cocktail III). Homogenates were then centrifuged at 5,000 rpm for 10 min at 4°C. The pellet was discarded and supernatant was then centrifuged again at 15,000 rpm for 10 mins at 4°C. Supernatants were used for total protein analysis.
Cardiac fibroblasts from the in vitro studies were collected in radioimmunoprecipitation assay buffer (RIPA) as previously described (29) and incubated on ice for 10 min prior to centrifugation for 10 min at 15,000 rpm. Protein concentration was determined using Bradford-Lowry Assay (Biorad). Proteins (50 μg/lane) were resolved on 7.5% (procollagen) and 10% (Erk, PKCs, PCNA, HA, Akt, p38) separating gels cDNA and siRNA transfections in Cardiac Fibroblasts. Cardiac fibroblasts were transiently transfected with cDNA (4 μg/well of six-well plate) encoding dominant negative PKC-δ (PKC-δ K376R ), PKC-α (PKC-α K368R ), or GFP and α7 siRNA (600 nM) or scrambled siRNA (600 nM) using Lipofectamine3000 according to manufacturer's instructions. After 24 hrs post-transfection, cells were quiesced for 24 hrs and then used for experiments as described.
Statistical Analysis
Statistical tests were either unpaired 2-tailed Student's t-test, One Way ANOVA with Dunnets post-hoc test, or Two Way ANOVA with Tukey post-hoc test as appropriate and unless otherwise indicated. All data are expressed as mean ± S.E.M unless otherwise indicated. A p-value < 0.05 was considered statistically significant.
RESULTS:
CS exposure is associated with RV dysfunction and fibrosis in absence of right ventricular hypertrophy and pulmonary vascular remodeling: Exposure to 6 weeks of CS significantly decreased RV function as assessed by TAPSE. The TV e' and E/A ratio were also reduced suggesting the presence of RV diastolic dysfunction (Table 1 , Figure 1A ). There were no significant changes in RV or LV pressures or pulmonary artery pressures as assessed by invasive hemodynamics with a pressure catheter ( Figure 1B) or estimation of PA pressure assessed via pulmonary acceleration time (PAT) ( Table 1 ). There were no changes in systemic blood pressure, heart rate, or other indices of left ventricle systolic or diastolic function ( Table   1 , Fig 1) . There were also no changes following only 3 weeks of exposure to CS (data not shown). In parallel to the changes in RV function, RV collagen content as assessed by Sircol Assay was increased in the CS exposed animals at 6 weeks ( Figure 2A ) but not at 3 weeks (data not shown). This was confirmed by increased procollagen expression ( Figure 2B ) in the RV of CS exposed mice compared to controls. In contrast, there was no increase in collagen content or procollagen expression in the left ventricle ( Figure   2A , B). Collagen content of only septal tissue was also evaluated using Sircol assay and no differences were found with CS exposure (data not shown). Collagen content and fibrosis were also evaluated using picrosirius red staining ( Figure 2C ). Increased levels of collagen staining were apparent in the RV of CS exposed mice compared to room air ( Figure 2C) . Quantitation of picrosirius staining demonstrated significant increases only in the RV of CS exposed mice, similar to Sircol Assay ( Figure 2D ) Although collagen content was increased in the RV, there was no gross right or left ventricular hypertrophy (Table   2 ) between groups as determined by tissue weight. CS treated animals had overall reductions in both body and tissue weights (Table 2) ; however RV and LV+S/BW ratios remained unchanged. There were also no changes in whole heart expression or cleavage of caspase-3 in the RV or LV of either CS or RA animals indicating enhanced apoptosis did not contribute to reduced RV function (data not shown). In addition, there was no notable presence of coronary microvascular rarefaction as determined by vessel counts in CS treated animals ( Table 2 ). There was some evidence of mild air-space disease in CS-smoked animals as
shown by an increase in alveolar airspace represented by mean linear intercept measured in H&E lung cross sections (Table 3) . However, evaluation of pulmonary vascular histology did not show any smokeinduced changes in muscularization of small, medium, or large sized vessels compared to control (Table   2 ). Therefore, CS may induce direct effects on RV function and remodeling independent of significant changes in afterload, LV dysfunction, and lung vascular remodeling.
Cigarette smoke extract induced cardiac fibroblast proliferation: The effects of cigarette smoke extract (CSE) on fibroblast proliferation were assessed in adult rat cardiac fibroblasts isolated from whole hearts (both RV and LV). Interestingly, increasing concentration of CSE resulted in CF proliferation as assessed by cell counts ( Figure 3A ) and cell viability as assessed by MTT assay ( Figure 3B ) in isolated fibroblasts. There was also an increase in the proliferative marker, PCNA ( Figure 3C ). There were no changes in the ratio of cleaved to total caspase-3 indicating effects were not due to reduced apoptosis (data not shown).
CSE contains the reactive aldehyde acrolein and reactive oxygen species (ROS) which may underlie some of the cardiac effects of CS exposure. Pretreatment of CF with Alda-1, an aldehyde dehydrogenase activator, to reduce reactive aldehydes and ROS scavenging with N-acetyl cysteine did not inhibit CSE-induced CF proliferation ( Figure 3D ). Lower doses (100 nM) of both Alda1 and NAC also had no effect (data not shown). In contrast, pretreatment with mecamylamine (Mec), a general nicotinic acetylcholine receptor (nAChR) antagonist, attenuated the effect of CSE on CF proliferation ( Figure 3E ).
Activation of α7 nAChR mediated CF proliferation.
Since effects of CSE were mediated via activation of nAChRs, we examined if nicotine was sufficient to promote cardiac fibroblast proliferation and increase in collagen through nAChR. Similar to CSE, nicotine increased CF proliferation ( Figure 4A ). Nicotine also increased collagen content in a dose-dependent manner (Figure 4 B) . 600 nM nicotine also increased procollagen expression ( Figure 4C ). The effective doses of nicotine to induce proliferation were similar to those previously measured in the blood of smokers (25-444 nM) (23) . Nicotine-induced proliferation was blocked by pretreatment with mecamylamine ( Figure 4A and B) . Similarly, the effect of nicotine was blocked by α-bungarotoxin, a specific α7 nAChR antagonist ( Figure 4D ). Knockdown of α7 nAChR receptors with siRNA ( Figure 4E ) also blocked nicotine-induced proliferation ( Figure 4F ). To investigate one potential cause of RV selective CS-induced fibrosis, α7 nAChR expression was next examined in RV and LV tissue.
There were no changes in the expression of α7 nAChR ( Figure 4G ). As fibroblasts used in all the previous experiments were from mixed RV and LV populations, we isolated fibroblasts specifically from the LV and RV of male and female mice. We found no difference in nicotine-induced proliferation in fibroblasts 
Nicotine-induced fibroblast proliferation is PKC-α and -δ− dependent. CFs were pretreated with either
Gö6976, LY333531, or Rottlerin to inhibit classical PKCs, PKC-β, or PKC-δ, respectively ( Figure 5A-C) .
Inhibition of PKC-α/β with Gö6976 ( Figure 5A ) attenuated nicotine-induced CF proliferation. This effect was absent using the PKC-β specific inhibitor LY333531 alone ( Figure 5B ), indicating effects of Gö6976
were attributable to inhibition of PKC-α. PKC-δ inhibition ( Figure 5C ) with rottlerin also attenuated nicotine-mediated CF proliferation. Transfection of CF with dominant negative plasmids of PKC-α and -δ ( Figure 5D -E) also blunted nicotine-induced CF proliferation confirming results with small molecule inhibitors. Gö6976 and rottlerin also blocked nicotine-induced increase in collagen content ( Figure 5F ).
In addition, immunoblots of RV lysates from smoke exposed mice confirmed a role for PKC signaling in vivo with increased expression of PKC-α and -δ compared to RA controls ( Figure 5G,H) . We did not detect any change in PKC expression in the LV (data not shown).
Nicotine reduces p38 MAPK activation but does not promote other common proliferation signals. We next evaluated nicotine-induced changes in downstream pathways related to acute nAChR signaling including Erk, Akt, and p38-MAPK ( Figure 6A ). While no changes were noted in phosphorylation of Erk or Akt ( Figure 6A ), nicotine decreased p38-MAPK phosphorylation after 30 min nicotine exposure ( Figure   6A , B). Decreased p38 phosphorylation in response to nicotine was attenuated by pretreatment with the general nAChR antagonist mecamylamine ( Figure 6C ).
Nicotine-reduced p38-MAPK activation is mediated by PKC-δ but not PKC-α. Pretreatment of rat cardiac fibroblasts with the PKC-α/β inhibitor Gö6976 did not block nicotine-induced reductions in p38-
MAPK activity ( Figure 7A and B) . In contrast, treatment of cells with rottlerin significantly attenuated nicotine-induced reductions in p38-MAPK activity ( Figure 7C and D) .
Discussion:
The principle findings of this study were the following: 1) that 6 week cigarette smoke exposure induced RV dysfunction and fibrosis in mice independent of overt pulmonary remodeling, 2) CS-induced pro-fibrotic changes were not found in left ventricular tissue, and 3) nicotine directly induce cardiac fibroblast proliferation and collagen content through α7 nAChR dependent PKC-α and -δ signaling.
Our results indicate that cigarette smoke directly changes RV function and collagen content.
Importantly, depressed RV contractile function and enhanced fibrosis observed in this study appeared to be independent of remodeling of the pulmonary circulation and increased afterload (as determined by PAT, histological examination, and unchanged PA and RV pressures). In addition, we believe that nicotine is likely the causative factor of increased RV fibrosis since nicotine application to cardiac fibroblasts increased cell proliferation and collagen content. The effects of nicotine on proliferation are cell and tissue dependent with enhanced proliferation in certain cancers and increased apoptosis in endothelial cells (6, 24, 25) . In contrast to endothelial cells, nicotine is known to directly increase proliferation in numerous cell types, potentially through activation of nAChR (8, 10, 13) . Multiple fibroblast types express α7 nAChR (1, 13). To our knowledge, this is the first study demonstrating direct effects of nicotine on cardiac ventricular fibroblasts mediated via nAChR. General or specific blockade of α7 nAChR with mecamylamine and α-BTX, respectively, or specific knockdown of α7 nAChR was capable of blocking the CSE/nicotine-induced cardiac fibroblast proliferation and profibrotic phenotype.
Importantly, in the CS-exposed mice, enhanced RV fibrosis and depressed function were not associated with an increase in gross RV hypertrophy as assessed by RV/BW ratios. This further indicates that the enhanced RV fibrosis and fibroblast proliferation stimulated by CS was independent of pulmonary vascular remodeling as increased pulmonary pressures and elevated RV afterload would likely be associated with RV hypertrophy and failure as seen in models of COPD and pulmonary hypertension (30) . CS-induced effects were likely mediated by direct nicotine stimulation of fibroblast α7 nAChR. This was supported by direct stimulation of cardiac fibroblast proliferation and collagen expression by nicotine in vitro. In addition, to our knowledge, this is the first report of increased RV fibrosis and dysfunction in the absence of simultaneous RV hypertrophy. In this study, we used AKR mice which are prone to CS-induced pulmonary injury. There is no data on use of AKR mice to study pulmonary vascular remodeling and right ventricular function that we are aware of to compare with our model. Others have reported that with certain strains of mice (e.g. A/J) after 5 months of CS exposure, significant vascular remodeling and right ventricular hypertrophy is present. We believe that our model may provide a unique insight into development of RV dysfunction in absence of pulmonary hypertension in settings of CS exposure as noted in patients with COPD and normal PA pressures (26) . Further studies are needed to explore the temporal aspect of progression of air space disease, vascular remodeling and right ventricular dysfunction to precisely characterize these relationships in our model of CS exposure.
Another important finding of these studies was that depressed cardiac function and fibrotic signals in response to cigarette smoke were unique to the RV. It is currently unclear why depressed function and fibrotic responses were limited to the RV in CS-exposed mice. Numerous differences have been described between right and left ventricle cardiomyocytes as well as whole heart responses to different agonists and stimuli (9, 22) . However, no studies have documented differences in fibroblast specific responses in the two ventricles. Nevertheless, our data clearly indicates that CS induces RV fibrosis and RV dysfunction. Importantly, in our isolated cell experiments, fibroblasts isolated from either the RV or LV had similar response to nicotine. In numerous disease states, the RV is considerably more prone to fibrosis and changes in afterload than the LV (9, 19, 21) . Potential explanations for differences in LV and RV fibrosis may be that fibroblast proliferative responses are dependent on chamber specific hemodynamic stress in vivo possibly related to air space disease, localized neurohumoral or immune differences, and any potential up or downregulated systems that interact with nAChR signaling. It is also possible that species specific differences in cardiac fibroblast signaling in response to nicotine exist between the mice hearts and isolated rat CFs used in this study. Finally, crosstalk between cardiac fibroblasts and cardiomyocytes play an important role in modulating cardiomyocyte structure and function (15, 28) . While nicotine does not have any direct effect on cardiomyocyte function, it is possible that the nicotine exposed cardiac fibroblasts may modulate cardiomyocyte structure and function contributing to the right ventricular dysfunction observed in cigarette smoke exposed animals. Future studies will be needed to differentiate these possibilities and the important differences observed in LV and RV fibrotic responses in response to CS.
Nicotine-dependent CF proliferation and collagen expression was dependent on α7 nAChR signaling through PKCs. α7 nAChRs are ligand gated ion channels which regulate Ca 2+ influx in response to acetylcholine or nicotine (1, 8, 13) . This study supports the idea that nicotine in CS activates α7
nAChR-mediated Ca 2+ influx leading to specific PKC isoform activation and subsequent proliferation and fibrosis. The nAChR-mediated Ca 2+ influx has been associated with activation of Ca 2+ dependent kinases to mediate downstream proliferative effects (1). We found that nicotine-induced CF proliferation required the Ca 2+ -dependent PKC-α but did not require the similarly regulated PKC-βII. In addition, the novel PKC isoform PKC-δ was also required for nicotine-induced CF proliferation ( Figure 5 ). Upregulation of PKCs has been implicated in the pathogenesis of LV heart failure and fibrosis (17, 20) and our data indicate that similar PKC signals may be present during cigarette smoke and nicotine-induced RV dysfunction.
Nicotine-induced increased CF proliferation and collagen expression were associated with decreased p38-MAPK phosphorylation which was PKC-δ dependent. The literature regarding p38-MAPK and fibrosis is conflicting; however multiple studies support the notion that decreasing p38 activity in cardiac fibroblasts is pro-fibrotic. In a hypoxia-induced model of pulmonary hypertension (PAH) in rats, we showed that PAH-induced RV fibrosis is associated with increased RV expression of PKC-βII and PKC-δ (5). RV fibrosis in this model was also associated with decreased p38-MAPK phosphorylation. In 
